One sentence summary: This perspective provides an analysis of the anthropogenic and natural factors that may be influencing the diversity of pathogenic bacteria in the Southwestern Gulf of Mexico, along with a reflection on the urgent need for studies of the entire marine bacterial diversity in this region.
INTRODUCTION
Bacterial diversity and bacterial ecology in marine ecosystems are new research areas in Mexico. The presence of bacteria with pathogenic potential in these ecosystems should be recognized as an issue of great concern, given the negative implications that their presence has on many levels including public health, food production and ecosystem fitness. Marine pathogenic bacteria may be autochthones or allochthones. Autochthonous bacteria are usually commensals of marine plants and animals although some may be free-living (Feng, Goto and Yan 2010) . Allochthonous bacteria frequently originate from humans or from farm and domestic animals, arriving to the oceans by means of fecal contamination in a wide variety of vehicles, such as sewage outfalls, septic tank leachates, land runoff, riverine drainage and ballast water (Barcina, Lebaron and Vives-Rego 1997) .
In order to assess bacterial pathogen diversity in the Gulf of Mexico (GM), it is first necessary to know the baseline of microorganisms living there. Research efforts have recently begun in Mexico to investigate bacterial diversity in the Southwestern Gulf of Mexico (SwGM). The Gulf of Mexico Research Consortium (in Spanish Consorcio de Investigación del Golfo de México, or CIGoM) is conducting expedition cruises to collect water and sediment samples at various points in the SwGM. The Consortium was created in 2014 to generate a baseline of the bacterial biodiversity in the GM, among other projects. It is a multidisciplinary research group integrated by ∼100 Mexican researchers, such as oceanographers, biologists, physicists, chemists and engineers from the most prestigious national institutions and aims to carry out the largest research project in the GM. The primary goal is to develop observational tools, biotechnological process and numerical models, in order to establish contingency plans and foresee mitigation activities in the event of large-scale oil spills in the GM, as well as to generate information that permits the evaluation of their environmental impact (Extensive description of the CIGoM is in Supplementary 1).
Genomic sequences from all marine samples are being obtained using next-generation sequencing approaches, and are being deposited in the CIGoM database to generate a bacterial baseline atlas of the SwGM. This new database will be openly available in the near future at the CIGoM website (http://www.cigom.info/). This initial baseline shall be a useful reference for future studies.
To begin monitoring bacterial pathogen diversity in the GM, it is necessary to first gather information about the potential pathogenicity of the species currently found there. CIGoM sequencing data was kindly provided in advance to carry out the present search for potential bacterial pathogens in the SwGM. CIGoM taxonomic annotations were used to perform a comparative analysis using two different pathogenic bacteria databases. This analysis revealed the presence of several genera that include pathogenic species known to be harmful to humans, mammals, marine animals and corals. While the lack of previous data makes it difficult to assess the significance of these findings, it is worth noting that most of these pathogenic genera are not native to the SwGM; instead, they are well known as foodborne, zoonotic, sexually transmitted and in some instances as clinically relevant pathogens. Ideally, the bacterial population baseline for the SwGM would correspond to that which existed before anthropogenic factors had much impact on it. Such a baseline would be an invaluable reference point for measuring the fitness of the SwGM ecosystem, providing information against which to evaluate the changes it has undergone. This perspective provides an initial description of the activities performed by the CIGoM towards the analysis of the anthropogenic and natural factors that may be influencing the observed bacterial pathogen diversity in the SwGM, along with a reflection on the urgent need for studies of the entire marine bacterial diversity in this region.
BACTERIAL PATHOGEN ASSIGNATIONS
During March 2016, 20 different points were sampled in the SwGM on board of the oceanographic vessel OV Justo Sierra-UNAM. DNA from water and sediment samples was isolated following the instructions of the MO BIO-QIAGEN (California, EEUU) company. Sequencing was performed at the Unidad Universitaria de Secuenciación Masiva y Bioinformática at the Instituto de Biotecnología, Universidad Nacional Autónoma de Mexico, Campus Morelos. The information contained in the CIGoM database was generated as follows: for each sample, the sequencing yield ranged between 100 000 and 250 000 pairedend sequences with a read length of 300 bases, generated in the Illumina MiSeq platform. The paired-end reads were then overlapped to generate a single read that reconstructs V3-V4 16S rRNA gene amplicon (∼450-490 bp). After removing lowquality and chimeric reads, the taxonomic assignment was performed using the program Parallel-meta v2.4.1 (Truong et al. 2015) against the Metaxa2 database (Bengtsson- Palme et al. 2015) . The resulting taxonomic annotation was manually curated, and the lineages were standardized according to the NCBI Taxonomy database. For those samples sequenced using a whole metagenome shotgun strategy, the yield ranged from 50 to 200 million paired-end reads, with 75 or 150 read lengths, generated by using the Illumina NextSeq500 platform. The taxonomic assignment was performed using the program Kraken (Wood and Salzberg 2014) which compares the k-mer spectra generated for each sample with a k-mer database for all the bacterial complete genomes deposited at the NCBI.
The database can query the taxonomic information based on the Parallel-meta results, at any taxonomic level from phylum to species (and subspecies in some cases).
For this perspective article, the results were obtained from mining the CIGoM database, searching bacterial genera or species reported as pathogenic, crosschecking against the available literature. Two different pathogenic bacteria databases, namely the National Microbial Pathogen Data Resource (NM-PDR, available at http://www.nmpdr.org) (McNeil et al. 2007 ) and the Virulence Factors of Pathogenic Bacteria (VFPB, available at http://www.mgc.ac.cn/VFs/) (Chen et al. 2016) , were compared with the CIGOM database only as a guide to searching presence of the pathogenic bacteria listed in each database.
The outcome of this analysis resulted in the identification of the following genera of putative pathogenic bacteria: Acinetobacter, Aerococcus, Aeromonas, Anaplasma, Arcobacter, Bacillus, Bacteroides, Bartonella, Bordetella, Borrelia, Brucella, Burkholderia, Campylobacter, Carnobacterium, Chlamydia, Citrobacter, Clostridium, Corynebacterium, Edwardsiella, Ehrlichia, Enterobacter, Enterococcus, Erysipelothrix, Escherichia, Flavobacterium, Flexibacter, Francisella, Gordonia, Haemophilus, Halomonas, Helicobacter, Klebsiella, Lactococcus, Legionella, Leptospira, Listeria, Micrococcus, Morganella, Mycobacterium, Mycoplasma, Neisseria, Nocardia, Ochrobactrum, Odoribacter, Pasteurella, Photobacterium, Propionibacterium, Proteus, Pseudomonas, Rhodococcus, Salmonella, Serratia, Shewanella, Shigella, Staphylococcus, Stenotrophomonas, Streptobacillus, Streptococcus, Treponema, Ureaplasma, Vibrio, Yersinia. Table 1 shows all the aforementioned genera, along with the species in each of them that were identified, their pathogenic potential (strict versus opportunistic pathogens) and host range, and any known reservoirs or vectors. Among all the identified bacterial pathogens, the highest relative abundance corresponded to the following genera: Burkolderia, Enterobacter, Haemophilus, Halomonas, Klebsiella, Proteus, Pseudomonas, Salmonella, Serratia, Shewanella, Vibrio and Yersinia, being Vibrio In addition, a search performed through the CIGoM's taxonomic annotation database delivered the top 10 plant pathogenic bacteria (Mansfield et al. 2012 ) chosen by their scientific/economic importance. Strikingly, all of them-Pseudomonas Among the simplest future uses of this type of taxonomic screening of pathogenic bacteria would be the possibility to conduct comparative analyses of taxonomic profile shifts, and the search for new species. As CIGoM continues generating new taxonomic annotations, using additional collection sites and time points, it will be feasible to perform spatio-temporal analyses. The use of taxonomic profile shifts has been proposed for a variety of applications: these include detection of waterborne (Dutra Medeiros et al. 2016) and foodborne (Huang et al. 2017) pathogenic bacteria; health monitoring of marine organisms of economic interest (e.g. shrimp or fish) (Bourlat et al. 2013) ; environmental impact assessments (Ininbergs et al. 2015) ; generation of ecological indicators for assessing and monitoring ecosystem change (Kisand et al. 2012) ; and as a means to describe bacterial community complexity (Neelakanta and Sultana 2013) .
To better understand bacterial pathogen diversity in the SwGM, a description of this complex and unique environment is necessary. In practice, it is impossible to study a portion of this ecosystem without considering the GM as a whole. Likewise, it is necessary to consider the various factors-natural, anthropogenic, ecological-that influence it. The GM is a partially landlocked body of water located in the southeastern corner of North America. It is bordered by the USAto the north (Florida, Alabama, Mississippi, Louisiana, and Texas), six Mexican states to the west (Tamaulipas, Veracruz, Tabasco, Campeche, Yucatan, and Quintana Roo) and the island of Cuba to the southeast. The GM is connected to the Caribbean Sea by the Yucatan Channel, which flows between the Yucatan Peninsula and Cuba, and to the Atlantic Ocean by the Straits of Florida, running between the island of Cuba and the peninsula of Florida (Martínez-López and Parés-Sierra 1998). While the specific causes for the presence of allochthonous pathogenic bacteria in the SwGM cannot be ascertained at this point, it is possible to establish correlations between natural and anthropogenic pressures, and the detected genera.
NATURAL FACTORS
Some of the natural factors that should be considered when studying bacterial diversity are the currents and salinity of the GM, both of which are influenced by winds, sunlight and heat. River discharges and hurricane events can also influence bacterial distribution.
The surface-current circulation patterns present in the GM have been correlated with the distribution of dissolved and suspended particles (Expósito-Díaz et al. 2009 ), including bacterial pathogens attached to them, while eddies are linked with nutrient distribution throughout the water column (Callejas-Jimenez et al. 2012) . The currents in the GM are dominated by the Loop Current, a powerful mass of water formed due to the pre-Gulf Stream waters flowing from the Caribbean Sea, throughout the GM, and ending into the Atlantic (Sturges and Leben 2000) . Large fragments of the Loop Current constitute the eddies, which shed relatively randomly and drift to the west, driving the deep circulation in almost the entire Gulf (Chang and Oey 2012). Superficial currents, tides and waves promote the mixing of the GM waters. The currents and waves are influenced by winds. Winds are in turn influenced by sun-generated heat. Sunlight is abundant in the GM, generating warm superficial temperatures. It is well established that some bacterial pathogen densities correlate strongly with sea surface temperature, with densities increasing as temperatures increase (Johnson et al. 2010) .
Salinity is also another factor influencing bacterial distribution patterns, as only certain microorganisms can tolerate a large salinity range (Yang et al. 2016) . The currents transport large quantities of water and heat energy, influencing salinity and temperature distribution in the GM waters, in turn affecting climate and productivity. Lately, eutrophication has been linked to river discharges in the GM, affecting its ecological balance (Kemp et al. 2016) . The Mississippi/Atchafalaya River in the USA and the Usumacinta/Grijalva River in Mexico rank first and second, respectively, in freshwater discharges to the GM; these cause large coastal plumes of low-salinity, sediment-rich and nutrient-enriched waters, extending for hundreds of kilometers alongshore (Kemp et al. 2016) . The Papaloapan, the Coatzacoalcos and the Pánuco are the most important among the 46 rivers feeding effluents into the SwGM: its reported presence of fecal coliforms and municipal solid waste indicates its negative influence when arriving to the GM (Merino et al. 1990) .
The SwGM's geographical localization determines the existence of a wide variety of natural events exerting a considerable pressure on its coastal ecosystems. Estuarine and coastal environments are susceptible to a variety of additional changes driven by tropical storms and hurricanes. Storm surges and subsequent flooding have the potential of redistributing water and associated contaminants, including a wide range of chemicals and microorganisms. Indeed, there is evidence that natural weather and climate events are responsible for contaminant and microbial transport (Lipp, Huq and Colwell 2002) . Hurricane events are common between June and October, but their frequency and intensity have increased as surface seawater temperatures rise (Nava Fuentes, Arenas Granados and Cardoso Martins et al. 2017) . Due to their geographical localization, the most vulnerable states during the hurricane season are the states of Quintana Roo and Tamaulipas, which are also subject to the concomitant and concerning rise in gastrointestinal and respiratory bacterial infections in their population (CEPAL 2005 (CEPAL , 2014 CENAPRED 2014) .
ANTHROPOGENIC FACTORS
The SwGM is a region of great economic importance for Mexico. The vast extension of its coastal line and its ecosystem diversity, along with its tropical and subtropical climate, provide great opportunities for the tourism industry. The SwGM also possesses an abundance of additional resources of economic interest (e.g. oil), and it is thus of great relevance for the coastal populations in terms of work opportunities and economic progress. However, the accelerated rise in touristic and industrial activities, and the accompanying unplanned demographic growth, represents a series of very concerning threats affecting the SwGM (Nava Fuentes, Arenas Granados and Cardoso Martins et al. 2017) .
Among the main anthropogenic factors that generally lead to an irreversible degradation of coastal and oceanic ecosystems are the indiscriminate increase of economic activities on their coasts, the lack of adequate coastal policy and institutional capacity, and the inadequate enforcement of current regulations (Nava Fuentes, Arenas Granados and Cardoso Martins et al. 2017) . The concomitant disorganized urbanization demands more public services and an increased food supply. Farming and aquaculture require vast land extensions, as well as the use of nutrients, fertilizers, pesticides and antibiotics to accomplish financially significant returns (Espinoza and Almada 2012) . Drainage of chemicals and sewage water into the riverine system of the SwGM from industrial, agricultural, nosocomial and urban sources has negative ecological consequences (CONAGUA 2012). As such discharges arrive to coastal areas, the action of the currents can drag them farther away, spreading pollutants into the open ocean.
Furthermore, ports and shipping traffic have also become a devastating threat involving disruptions to the ecological balance in the SwGM at both macroscopic and microscopic levels. This occurs due to ballast water deposition and the introduction of considerable amounts of organic matter and foreign speciessome of them highly competitive due to a lack of predatorsincluding bacterial pathogens (Aguirre-Macedo et al. 2008) .
It should be considered that pathogenic bacteria are generally copiotrophic, and can thus take advantage of high nutrient concentrations to grow at high rates (Lauro et al. 2009 ). High nutrient levels are distinctive of coastal areas, and therefore anthropogenic influence may be favoring pathogenic bacteria blooms. It should also be considered that copiotrophic bacteria are inherently equipped to survive under nutritional stress as well, and may cope with large famine periods using their nutrient reservoirs or various survival strategies, or both. For instance, they may undergo RpoS-dependent reductive cell division, membrane fatty acid modification or entry into the state of very low metabolic activity known as viable but not culturable. As a consequence, these bacteria may survive for long periods of time in the ocean (Lauro et al. 2009 ). Therefore, ballast water discharges in the open ocean instead of in coastal zones, as suggested by the International Maritime Organization (IMO 2016), is not an effective solution to prevent the introduction of pathogenic bacteria.
ECOLOGICAL FACTORS
Marine ecology research in the SwGM at the bacterial level is a complex task, especially given the lack of a baseline of microbial diversity. The main factors to consider here are abiotic, along with the various ways in which they influence bacterial diversity, bacterial adaptation and physiological characteristics, population interactions, community responses, energy and matter interactions, and evolutionary dynamics. For instance, chlorophyll-a levels in the water, which are directly associated with algal blooms (in turn favored by eutrophication), have been correlated with bacterial pathogen presence in the water column, in sediments and in bivalve mollusks (Johnson et al. 2010) .
Wild animals (birds, rodents, fish, reptiles, amphibians, among others) have also been playing a key role in the evolution and dissemination of pathogenic bacteria throughout the world (Daszak et al. 2000) . Fauna migratory patterns and anthropogenic movement of wild animals suggest that there have been numerous dispersal events and introductions from one geographic region to another. As a result of such global dispersion, for example, wild birds acquire enteropathogens (e.g. Salmonella and Campylobacter spp.) by feeding on raw sewage and garbage, and can then spread these agents to humans directly, or by contaminating commercial poultry operations (Reed et al. 2003) . Wild animals may carry emerging zoonotic pathogens, either as a reservoir host or by dispersing infected arthropod vectors (Reed et al. 2003) . Nevertheless, phylogeographic analyses are needed to support any proposed dispersion hypothesis.
Despite the large expanse and ecological importance of the SwGM, reports on the presence and diversity of pathogenic bacteria in this environment are very limited. It is thus difficult to ascertain the full significance of the results from the present analysis, showing the presence of over 62 genera of pathogenic bacteria (see Table 1 ). Although politically the SwGM belongs to the Mexican territories, the oceans are evidently a collective responsibility. And while it is impossible to go back in time, it is still possible to implement better controls as to the types and quantities of discharges arriving to the oceans. Knowing the original baseline for a degraded ecosystem would be of great help in its restoration.
CONCLUSION
CIGoM's metagenomics database of the SwGM will, for the first time, provide a broad view of marine bacterial biodiversity in this environment. The present profile of putative bacterial pathogens generated from CIGoM's taxonomic assignations is but one example of its many potential uses. Given that no baseline of the entire bacterial metagenome in the SwGM has been previously reported, further bioinformatics analyses will be needed to determine the actual origin and ancestry of the detected pathogenic genera; this may be accomplished, for example, through molecular dating approaches. Meanwhile, CIGoM's database may continue to be mined to address issues of immediate concern. For example, the search for pathogenicity islands and genes associated with virulence factors is currently under way, and the results are expected to be well received by the public health community. The performance of spatio-temporal taxonomic comparisons is also anticipated, provided CIGoM continues to generate new metagenomics sequencing data. This information may in turn be used to investigate any possible correlations between the striking diversity of pathogenic bacteria found in the SwGM and the various natural, anthropogenic and ecological pressures.
Finally, some further analyses that might be considered include an assessment of the possible human health implications of the identified putative pathogenic bacteria, and of their environmental role when not acting as pathogens.
